Abbreviations used in this paper: ADL = activity of daily living; AMAT = Arm Motor Ability Test; CIT = constraint-induced therapy; CS = cortical stimulation; fMR = functional magnetic resonance; ICMS = intracortical microstimulation; IPG = implantable pulse generator; UEFM = Upper Extremity Fugl-Meyer. S also been seen in subsequent clinical studies for the treatment of central neuropathic pain syndromes.
A number of laboratory investigations in rat and primate stroke models confirm the observation of enhanced motor recovery following CS of the periinfarct region during rehabilitation. 1, 16, 22, 26 These studies also suggest that new areas of the cortex are recruited to participate in the motor control of the affected limb, suggesting that CS enhances neuroplasticity and the poststroke recovery process. 16, 22 Based on these clinical observations and preclinical investigations, a small multicenter feasibility study was conducted to evaluate the safety and efficacy of subthreshold epidural CS for enhancing return of upper-extremity motor function for patients at least 4 months after hemiparetic stroke. 5 Eight patients completed the study: 4 in the investigational treatment group receiving CS plus rehabilitation and 4 in the control group receiving the same rehabilitation without CS. Study results suggested that this form of CS may be performed in chronic stroke survivors safely and provided preliminary evidence of efficacy. 4 Thus, we conducted this larger feasibility study to gain additional safety and efficacy data.
Clinical Materials and Methods

Overall Design
This was an unblinded, prospective, randomized, multicenter safety and efficacy study of subthreshold motor cortex electrical stimulation of patients with residual motor deficits in the hand and arm following an ischemic stroke that occurred Ն 4 months prior to enrollment. Patients were randomized into 1 of 2 groups: 1) an investigational treatment group in which the patients underwent implantation of an investigational CS device system (Northstar Neuroscience) and received CS concurrent with rehabilitation therapy; and 2) a control treatment group in which the patients received the same rehabilitation therapy but did not undergo device implantation.
Patient Enrollment
Patients were enrolled at 7 clinical sites (all within the US): Northwestern University/Rehabilitation Institute of Chicago, Rush-Presbyterian-St. Luke's Medical Center/ Chicago Institute of Neurosurgery and Neuroresearch, University of Illinois at Chicago, Kansas University Medical Center, Spectrum Health (Grand Rapids, Michigan), University of Arizona, and University of Minnesota. A total of 38 patients were enrolled in the study (that is, the patients signed informed consent and began baseline evaluations). Of these 38 patients, 14 did not meet study criteria and were excluded prior to randomization. The following were reasons for study exclusion: UEFM score 8 not between 20 and 50 points (5 patients), fMR imaging activation not identified as required (3 patients), patient withdrawal (2 patients),
site not yet fully trained and certified to handle the addition of the patient (2 patients), unable to discontinue antithrombotic therapy perioperatively (1 patient), and brainstem infarct (1 patient). Per protocol, 24 patients were included (that is, they were deemed eligible for cortical electrode placement and electrical stimulation) and randomized.
Patient Population
Patients were recruited after Investigational Device Exemption approval by the US Food and Drug Administration and approval of each participating institution's institutional review board. Informed consent was obtained from each patient. The major inclusion and exclusion criteria are given in Table 1 .
Patient characteristics are given in Table 2 . No significant differences were observed between treatment groups. Of the 24 patients, 15 (62%) were men and 9 (38%) were women. The mean patient age was 56.8 Ϯ 13.5 years (range 26-81 years). Of note, the mean interval between index stroke and treatment was 2.5 years (32.8 Ϯ 23.4 months [range 4-100 months]). One patient had suffered the index stroke Ͼ 8 years before treatment.
The average UEFM score was 32.4 Ϯ 8.2 points (range 20-50 points), indicating moderate to moderately severe motor impairment. The average current delivered to investigational treatment patients during rehabilitation therapy was 5.1 Ϯ 0.9 mA (range 3.3-6.5 mA).
Outcome Measures
Although a multitude of outcome measures were explored as part of this feasibility study, this report focuses on the primary outcome measures, the UEFM and the AMAT. The UEFM is one of the most widely used outcome measures in stroke studies and provides an index of patients' neurological and motor function (that is, the ability to control the arm, wrist, and hand). 2, 8, 25 The UEFM assessment consists of 9 components: reflexes, flexor synergy, extensor synergy, movement combining synergies, movement out of synergy, normal reflex activity, wrist, hand, and coordination/speed. The UEFM assessment scores range from 0 to 66, with higher scores indicating more normal function.
The AMAT is a measure of ADLs and has been used in a number of stroke studies, specifically in studies of upperextremity hemiparesis. 17 The AMAT assessment measures 28 standardized ADLs with scores on a 0-5-point scale (higher scores indicate better ADL function). The AMAT assessment comprises quality, function, and time scores. Function scores are presented herein.
Outcome measures were assessed by trained occupational or physical therapists at baseline (prior to randomization), during the rehabilitation therapy period, and at follow-up. The primary end point of the study was the Week 4 follow-up (that is, 4 weeks after the conclusion of rehabilitation therapy). Of note, raters were not blinded to the assigned treatment group in this feasibility study.
Safety was assessed by measuring the proportion of patients who were classified as having any of the following outcomes between the time of enrollment and the time that the 6-week rehabilitation program was complete: death, medical morbidity (including myocardial infarction, pneumonia, wound infection, or deep venous thrombosis), clinically definite generalized tonic-clonic seizure, or decrement in neurological status, defined as a decrease of Ն 20% on the UEFM.
Brain Imaging Protocol
The brain imaging protocol was performed prior to randomization and included structural MR imaging and fMR imaging. The goal of the fMR imaging was to identify the primary motor cortex region of the stroke-affected hemisphere that appeared to be involved in the control of the movement of the affected hand (that is, the contralateral hand).
The cortical area identified by fMR imaging was used as the target location for epidural electrode placement and CS (Fig. 1) . The MR imaging studies were performed using a commercially available entire-body high-speed unit with a magnet of Ն 1.5 T. Structural images included a 3D volumetric data set and high-resolution T1-weighted anatomical images in plane with the functional images. Patients performed 1 of 3 motor tasks depending on ability: index finger tapping, simultaneous tapping of 4 fingers, or wrist extension. Imaging parameters were consistent for each patient at each fMR imaging session across the period of study participation.
The lack of significant cortical activation in a perirolandic region within the affected hemisphere excluded patients from the study. For example, if the fMR image did not detect activation of the precentral or postcentral gyrus, or the cortical region detected was determined by the investigator to be too diffuse for subsequent electrode placement, the patient did not undergo randomization and was excluded from further participation in the study.
Final brain activation maps were generated and the center of the activation region coregistered to the anatomical MR images used by the intraoperative neuronavigational system.
Surgical Procedure
After the induction of general anesthesia, an ~ 4-cmdiameter craniotomy was performed and the epidural electrode placement site identified by stereotactic localization. The sterile, single-use stimulation electrodes were 6-element electrodes configured in a flexible 2 ϫ 3 element array (Fig. 2) . Three elements along one edge were configured as anodes, and 3 elements along the opposite edge were configured as cathodes in reference to the first phase of the stimulation waveform. The platinum/iridium electrode contacts were 3 mm in diameter and spaced 6 mm apart; thus, the effective stimulation area of the electrode was ~ 1.8 cm
2
. The total area of the electrode was ~ 2.6 ϫ 2.7 cm.
Using standard tunneling procedures, the electrode lead was threaded subcutaneously to a subclavicular pocket. After attaching the electrode lead, an IPG was placed in the pocket and the incisions were irrigated and closed. Prior to wound closure, the investigational device stimulation system was tested to verify proper connection of the IPG and electrode and ensure continuity. Patients were hospitalized overnight following system implant.
Stimulation Protocol
For each patient in the treatment group, the stimulator output current level to be delivered during rehabilitation therapy was defined based on motor movement data collected periodically prior to rehabilitation sessions. For each assessment of stimulator output, the current level was adjusted in 3-second pulse trains to determine the minimum current required to elicit motor movement. The target stim-
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Cortical stimulation for stroke rehabilitation 709 ulation level used during therapy was 50% of the movement threshold. If movement was not elicited during threshold testing, the stimulation level was set to a maximum of 6.5 mA, the maximum output current allowed under the investigational protocol. Stimulation was delivered at a pulse repetition frequency of either 50 or 101 Hz with a pulse duration of 250 sec.
Rehabilitation Protocol
Rehabilitation therapy was provided for 6 weeks. The rehabilitation program emphasized upper-extremity motor function of the affected limb, particularly of the hand and wrist. The standardized rehabilitation program consisted of training in self-care skills and mobility skills. In addition to functional tasks, focus was placed on increasing range of motion, improving strength, and optimizing coordination and isolated volitional movements of the affected extremity. Therapists also focused on specific functional affected motor groups to stimulate reeducation. Examples include facilitation-inhibition, performing synergy patterns, reflex training, improving range of motion, self-care tasks (focused on improving specific functional deficits of the affected upper extremity), and any other activity deemed necessary to improve identified deficits. Specific ADLs of interest to the patient were determined using the Canadian Occupational Performance Measure.
The daily rehabilitation sessions were ~ 2.5 hours long and consisted of an ~ 90-minute rehabilitation session near the maximum intensity tolerated by each patient, a break allowing the patient to rest, then an ~ 60-minute session during which the intensity was permitted to be more variable and sensitive to patient fatigue.
Device Explant
After completion of 6 weeks of occupational therapy, all investigational group patients had the entire device system (electrode lead and IPG) explanted.
Statistical Analysis
Summary statistics are presented as the mean Ϯ standard deviation. Comparisons between investigation and control groups were made using the t-test for continuous variable and the Fisher exact test for proportions. All significance testing was conducted at a probability value equal to 0.05.
We agreed a priori that a 3.5-point improvement in UEFM score was considered clinically meaningful in chronic stroke patients. A 0.21-point improvement in AMAT function was a priori considered clinically meaningful.
As a frame of reference, a 1-point improvement in the UEFM score equates to an improvement from "no activity" to "some activity" or from "some activity" to "full activity" in a complex arm and hand movement task. 8 (A 2-point improvement equates to an improvement from "no activity" to "full activity".) Thus relatively small point improvements can be meaningful to patients. The ability to perform more effectively in UEFM tasks is attributable to improved motor control of the upper extremity, which is associated with improvement in ADLs as measured by the AMAT. 6 
Results
Of the 12 patients who were implanted with a CS system and underwent threshold setting, elicited movement was observed in 4. For these patients, movement was observed in the contralateral hand, finger, and/or thumb regions. One additional patient reported a sensation in the contralateral forearm. In these 5 patients, therapeutic stimulation was set at 50% of the current amplitude that elicited movement or sensation. The remaining 7 patients received a predefined maximal output current for therapeutic stimulation.
Primary Outcome Measures
The UEFM and AMAT results are presented in Fig. 3 for the 2 study groups at the 4-week follow-up (the primary end point). Patients in the investigational treatment (rehabilitation with CS) group improved to a greater degree than control patients (rehabilitation only). Starting at a UEFM baseline score of 34.3 Ϯ 9.0 points (range 22-50 points), patients in the treatment group improved by 5.5 Ϯ 4.4 points (range 0-17 points). Control patients had a baseline UEFM score of 32.4 Ϯ 10.3 points (range 19-49 points), which increased by 1.9 Ϯ 4.4 points (Ϫ3 to 11 points) (p = 0.03 comparing treatment groups).
Similarly, patients in the treatment group experienced an improvement in AMAT scores from a baseline of 2.4 Ϯ 0.8 points (1.1-3.9 points) by 0.4 Ϯ 0.6 points (Ϫ0.5 to 1.5 points), whereas control patients had an increase from a score of 1.8 Ϯ 1.0 (0.1-3.6 points) at baseline by 0.2 Ϯ 0.4 points (Ϫ0.3 to Ϫ1.0 points) (p = 0.2 comparing treatment groups). Figure 4 presents the proportion of patients with clinically meaningful improvement in the UEFM. Of the patients in the treatment group, 67% had clinically meaningful improvement (that is, Ն 3.5-point improvement) in the UEFM score, compared with 25% of control patients (p = 0.05).
Also of importance is whether the improvement in motor function as measured by the UEFM translates into improvements in ADLs as measured by the AMAT. Fifty percent of patients in the treatment group had clinically meaningful improvement in UEFM and AMAT scores (that is, Ն 3.5-point improvement in the UEFM score and a 0.21-point
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Cortical stimulation for stroke rehabilitation Table 3 summarizes the proportions of the safety outcomes according to this categorization. There was only 1 anticipated event during the defined study safety assessment period (to completion of the 6-week rehabilitation program) that did not occur during delivery of CS. A secondarily generalized seizure occurred in 1 patient Ͻ 36 hours after implant surgery and prior to the delivery of CS. The patient was admitted to the hospital and was placed on a short course of anticonvulsant medication without further sequelae. This patient subsequently completed the 6-week rehabilitation protocol with CS without further seizure activity. Another patient experienced a seizure 5 months after device explantation and ~ 12 months after the index stroke. This event was considered a late stroke-related seizure, an event that often occurs ~ 12 months after a patient's initial onset stroke. Thus this event was considered attributable to the patient's underlying stroke condition and disease state and not to the investigational device or study procedures.
Safety Outcomes
Other medical complications reported during the study were various anticipated surgery-related complications in patients in the treatment group, including the following: 2 reports each of swelling, pain at the incision/implant site, and headache, and 1 report of bleeding at the incision site. The following temporary anesthesia-related complications were reported in patients in the treatment group: 1 report each of unstable blood pressure, nausea/vomiting, fever, and urinary retention. One report of an allergic reaction to surgical tape occurred in a treatment patient and another treatment patient reported mild tingling/numbness in the jaw area. There were also 2 reports of transient mild tingling in 1 patient's right hand.
All complications were minor in nature and resolved quickly without any additional treatment. Of note, no complications occurred after 2 days following the device explantation. All observed medical complications during this study were anticipated potential complications and risks normally associated with a surgical procedure or standard cortical electrical stimulation.
Discussion
Safety Assessment
Only 1 major complication occurred during the safety assessment period: a secondarily generalized seizure, which occurred within 36 hours of the implant surgery. When study personnel examined the patient within 2 hours of the seizure, they verified that the pulse generator was indeed turned off. A review of the surgical record revealed no evidence that the dura had been violated or that the underlying cortex had been damaged. Thus, the seizure is assumed to have been secondary to the surgical procedure and not related to CS. It was therefore deemed that this patient could complete participation in the study. The patient completed the 6-week rehabilitation protocol with CS and did not experience further seizure activity.
This study, in addition to our previous study and extensive experience of implanting similar devices for chronic motor cortex stimulation for pain control, has suggested that CS is safe for epidural use in chronic stroke patients. However, there is a known risk of provoking seizures in response to the surgical procedures or from superthreshold stimulation. No seizure activity provoked by subthreshold stimulation was observed in the present study or reported in the CS for pain literature. As a conservative measure, survivors of primary hemorrhagic stroke or infarction with hemorrhagic transformation (who are more susceptible to seizures) were specifically excluded.
In 1999 Bezard et al. 3 published a study conducted in primates in which they assessed the risk of inducing epileptic seizures by using chronic motor cortex stimulation parameters similar to, but for a greater duration than, the parameters used in this clinical trial. None of the primates developed epileptic seizures while undergoing stimulation at 40 Hz, 90-µsec pulse width, and at subthreshold current levels. Seizures could only be induced at intensities approximately twice the motor movement threshold. This primate study provides additional evidence that delivery of CS at 50% of motor movement is safe.
Clinical Efficacy
Clinical efficacy results from this prospective, random- ized controlled trial closely parallel the prior, smaller study. Although the control and investigational treatment groups appeared to benefit from the rehabilitation therapy, patients in the investigational group benefited more than those in the control group. The magnitude of improvement appears to be greater than that observed for CIT, a rehabilitation intervention associated with clinical benefit. In previous well-designed peer-reviewed motor recovery studies of patients suffering chronic stroke, gains in the UEFM scores reported for patients receiving CIT were less than half that observed in those receiving CS in the present study. 30, 31 The greater improvements in UEFM suggest that CS is more effective than CIT in enhancing recovery of upper-extremity function in patients suffering chronic stroke.
The mechanism of motor recovery following CS is not known. Authors of most prior motor cortex stimulation studies have treated central pain secondary to thalamic infarction or trigeminal nerve injury. 5, 9, 11, [13] [14] [15] [18] [19] [20] [21] 23, [27] [28] [29] 32 For some of those patients who had both central pain and paresis secondary to stroke, their paresis seemed to improve after CS. The authors hypothesized that motor performance improved as a result of decreased spasticity. Katayama et al. 15 described the case of a 53-year-old man with right hemiparesis, dysarthria, and bulbar pain 3 years after suffering a stroke. Despite inadequate analgesia from CS, this patient chose to have his stimulator internalized "because [he] was so pleased with the marked improvement in his motor weakness." In a later review, these authors quantified the motor improvement observed with motor cortex stimulation: motor cortex stimulation improved hemiparesis in 19% of patients (with infarcts) who underwent epidural CS for pain control. The benefit was unrelated to the degree of pain control. 14 Moreover, Garcia-Larrea et al. 9, 10 noted "improvement in motor function in patients submitted to this procedure." They also found a "not quantified relief of spasticity during motor cortex stimulation" in "some" of their stroke patients. Franzini et al. 7 observed diminished stroke-related dystonia and intentional myoclonus with motor cortex stimulation along with pain relief. Four patients experienced pain control associated with reduced intentional myoclonus. These findings are consistent with the clarification of Katayama et al.
14 that there was a significant reduction in pain relief when there was moderate or severe weakness in the targeted painful region. Satisfactory pain control was achieved in 73% of patients in whom motor weakness in the painful region was absent or mild, but only in 15% of the patients who had moderate or severe weakness in the painful region. The analgesic effects of motor cortex stimulation thus appear to be mediated through the motor system. Several preclinical studies have confirmed and expanded on these clinical observations. Adkins-Muir and Jones 1 studied the effect of perilesional motor cortex stimulation on a skilled forelimb food-pellet reaching task in rats with an ischemic cortical injury produced by endothelin-1. Cortical stimulation of 50 Hz during rehabilitation significantly improved performance on the forelimb retrieval task. Dendritic density, as measured by microtubule-associated protein 2 immunoreactivity, in perilesional cortex layer V also increased. Kleim et al. 16 showed in a rat model that motor cortex stimulation combined with rehabilitation expanded the contralateral forelimb cortical representation.
Teskey et al. 26 also showed significantly greater retrieval success in rats receiving stimulation than those that received no stimulation. Stimulated rats were able to return to their preinfarct reaching and retrieval levels when undergoing stimulation at 50 or 100 Hz during training, but not if they received 250 Hz stimulation. Plautz et al. 22 used a squirrel monkey model of cortical ischemic infarction to investigate the benefits of motor cortex stimulation. After training the primates to perform pellet retrieval tasks, the authors mapped the proximal forelimb motor cortex (M1) region using ICMS. A surface-stimulating electrode was placed over the intact periinfarct motor cortex and representational ICMS cortical maps were again obtained. After waiting several months for stabilization of motor recovery, CS was combined with rehabilitative training. Pellet retrieval from small (more difficult) wells showed statistically significant gains with stimulation, regaining ~ 50% of the loss function. Furthermore, repeated ICMS cortical maps demonstrated a significant increase in hand representation adjacent to the infarct as well as at a considerable distance from the infarct. In other words, cortex that had previously been only weakly associated with distal hand muscles became more strongly correlated with those muscles as a function of pairing electrical stimulation with training. Most importantly, this work showed that successful poststroke recovery could be performed months after the stroke had occurred.
Thus the evidence suggests that enhanced neuroplasticity plays a role in the improvements in motor function associated with delivery of CS during rehabilitative therapy. Furthermore, the improvements in upper-extremity motor function seem to translate into clinically meaningful improvement in ADLs. In addition to the laboratory measure of ADLs as assessed by the AMAT (which included tasks such as eat a sandwich, drink from a mug, comb hair, put on shirt, and so on), patients in the investigational treatment group have reported improvement in activities such as housework (opening jars, cooking, and washing), recreational activities (crocheting, golfing, and gardening), work-related activities (typing, writing, and construction), and everyday activities (opening doors and picking up and holding small objects). Given that these patients were enrolled in this study an average of 33 months after their stroke and believed to have a fixed neurological deficit, such improvements were perceived as meaningfully impacting patients' quality of life.
Conclusions
The primary goal of this study was to demonstrate the safety and efficacy of CS procedures. Most importantly there was no deterioration in neurological function related to the surgery to implant the CS device system or from CS combined with rehabilitation. This study demonstrates that CS can be safely performed in a population of patients with cerebrovascular disease who are at risk for surgical morbidity. Motor assessment data show that CS delivered during periods of active rehabilitation appears to enhance upper-extremity functional recovery when compared with control groups of patients who receive rehabilitation alone. Improvements in motor function seem to translate into improvement in ADLs and quality of life. While a more extensive study is warranted, the potential of this procedure in stroke therapy is promising.
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